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Determination of the helicity of oriented photofragments
Andrew J. Alexandera
School of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, United Kingdom
Received 15 September 2005; accepted 23 September 2005; published online 17 November 2005
Equations to enable determination of the helicity angular momentum orientation of
photofragments resulting from single-photon dissociation of an isotropic sample of molecules are
presented. The symmetry of the photofragment distribution is illustrated by three-dimensional
vector plots of the expectation values of projections of the fragment total angular momentum.
Equations describing circular polarization of light in the spherical tensor basis are presented.
Methods for the optical measurement of angular momentum orientation are discussed, including
determination of the helicity of circularly polarized light by a quarter-wave plate or single Fresnel
rhomb. © 2005 American Institute of Physics. DOI: 10.1063/1.2122667
I. INTRODUCTION
Dissociation of samples of molecules using polarized ra-
diation can be used to further our understanding of the dy-
namics of fragmentation processes. By using polarized pho-
tolysis light, we create a frame of reference in the laboratory
in which we can describe spatial features of the products,
such as their velocities and angular momentum distributions.
These reflect both the electronic states populated in the initial
excitation step and the forces acting during the dissociation,
and provide considerable insight into the mechanism of bond
breakage. Of particular interest are spatial measurements of
product angular momentum J.1,2 For a molecule, this could
mean the sense of rotation: the distinction between clockwise
or counterclockwise is called orientation. Similarly, the an-
gular momenta of the electrons in a fragment atom can be
oriented. Put a different way, we could say that the popula-
tions of +MJ sublevels are different from −MJ, resulting in
an orientation along a quantization axis z. We may also speak
of fragment alignment, which indicates a preferred plane of
rotation with respect to z, irrespective of whether the motion
is clockwise or counterclockwise, e.g., a frisbee or a
cartwheel.3 Dissymmetry in the populations of sublevels MJ
is not the only cause of polarization; the phase differences
between sublevels can produce polarization along axes per-
pendicular to the z axis. The populations and phases give the
density matrix MM.
4
Rather than specify all of the populations and phases in
the density matrix, it is useful to define the complex polar-
ization moments Aq
k
and Aq
k*
= −1qAq
k
, where k
=0, . . . ,2J, with q=−k , . . . , +k, and A0
01.1,3 The odd k
moments describe orientation; even k moments describe
alignment. Each moment neatly distils a complicated collec-
tion of MJ populations and phases into a single value that can
be used to convey an overall feature of the polarization.
Moreover, constraints on the production and detection of po-
larization are expressed very well in terms of the Aq
k basis,
and very poorly in terms of MM. For detection with n pho-
tons, k is limited to k2n; for single photon dissociation,
q 2. When A0
1
=J / J+1, the system is said to be maxi-
mally oriented along +z: i.e., the +MJ=J level is preferen-
tially populated. Likewise, when A0
1
=−J / J+1, the sys-
tem is said to be maximally oriented along −z. The A1
1
moment describes orientation perpendicular to z. The real
part ReA1
1 describes orientation along x, and the imaginary
part ImA1
1 describes orientation along y. The polarization
parameters are equivalent to spherical tensor moments q
k
,
and both are easily interconverted, see Appendix A. In this
paper we also use aq
k to identify a set of polarization param-
eters in a different frame of reference: the molecule frame,
i.e., with respect to the internuclear axis parallel to the ve-
locity of the photofragment, assuming axial recoil.
Helicity can be defined as the projection of spin angular
momentum of a particle along the direction of its linear mo-
mentum. We broaden this definition to include total angular
momentum J. Orientation implies a distinct helicity, chiral-
ity, or handedness, and is therefore a particularly unique
probe of the dynamical process e.g., reactive or dissociative
that generates it. Compared with alignment, relatively few
studies have measured fragment orientation. The reason for
this, perhaps, is that chiral dynamical processes were ex-
pected to be very rare. In practice, however, such processes
are being encountered with increasing frequency. For ex-
ample, orientation can result from photolysis of molecules by
circularly polarized light,5–22 and by impulsive end-on
“ended” dissociation.23–27 It has been found that orientation
can be produced by interference between different dissocia-
tive channels leading to the same asymptotic fragments, re-
sulting from photodissociation with linearly polarized
light.28–36 Orientation can also be produced by scattering,
from surfaces,37,38 or from molecules.39,40 The orientation of
reaction products has been predicted, but—to our
knowledge—not yet observed.41–44
The purpose of the present paper is to show how the
absolute helicity of a product fragment can be determined, in
the context of photodissociation. By absolute helicity, we
mean positive or negative, or left and right. Many of the
techniques discussed are general, and could be used for stud-
ies of scattering or reactions. Beyond the Stern-Gerlach ex-aElectronic mail: andrew.alexander@ed.ac.uk
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periment, most contemporary measurements use circularly
or elliptically polarized light to determine orientation. Un-
fortunately, wayward definitions of what is left and right in
terms of the polarization of radiation have leaked into studies
of molecule dynamics, causing significant confusion. No
matter which words have been chosen, parity violation al-
lows us absolutely to distinguish left from right, and to com-
municate this distinction.45 In Sec. II we establish what is
meant by left and right circular polarization. Section III gives
a physical description of photofragment helicity, resulting
from dissociation using either circularly or linearly polarized
light. Section IV deals with the production of light of known
helicity used in experimental measurements. Section V pro-
vides the link between the helicity of circular polarization
and fragment helicity, through detected signals. Some con-
cluding remarks are given in Sec. VI.
II. CIRCULAR POLARIZATION
We begin by describing what we mean by left and right
circular polarization according to the traditional optics
definitions.46–48 The conventional right-handed Cartesian
frame is used, with unit vectors x, y, z, so that the vector
product xy= +z holds. The classical plane wave of the
light can be written as a function of time t,1,48,49
Et = eA expikrz − t , 1
where A is an arbitrary amplitude, e is the polarization vec-
tor, kr=2 / is the wave number  is the wavelength, and
=kr is the angular frequency  is the wave velocity. In
the photon frame the light travels along the z direction to
z= +, and the polarization vector lies in the xy plane. For
left-circular polarization LCP,1,48
eLCP = 2−1/2x + iy , 2
and for right-circular polarization RCP,
eRCP = − 2−1/2x − iy . 3
The definition of LCP is that an observer looking into the
oncoming wave would see the electric field E, in a fixed
plane z, rotate counterclockwise as time increases.46,48 This
wave is said to have positive helicity 	+: each photon has a
positive projection +
 along the direction of propagation
+z.48 Conversely, RCP light is said to have negative helicity
	−: each photon has a negative projection −
 along the
direction of propagation +z. If we fix t, we would see the
the distribution of vectors Ez trace out a left-handed helix
spiral in space for LCP, or a right-handed helix for RCP.
Instead of using the Cartesian basis, the polarization vec-
tor e can also be written as a spherical tensor eq
k
.
1 A photon
is a spin-1 particle. Generally, a spin-1 particle with well-
defined momentum can exist in three possible helicity states
+1, 0, or −1, corresponding to the projection of spin
angular momentum along the direction of the particle’s mo-
tion. As discussed in Sec. I, a particle with J=1 may be
described by polarization moments Aq
k
where k=0,1 ,2. For
light, however, the electric and magnetic fields are transverse
to the direction of motion, thereby excluding the 0 helicity
state and excluding moments with k=2. Also, e0
0
=1. There-
fore, we can describe the helicity of light by eq
1
. The k=1
spherical tensor has three components e
−1
1
, e0
1
, and e+1
1
. Fol-
lowing standard definitions e.g., see Eq. 5.130 of Zare1, we
find that for LCP,
e
−1
1LCP = 1, e+1
*1LCP = − 1, 4
and for RCP
e+1
1RCP = 1, e
−1
*1RCP = − 1, 5
with all other components for these tensors identically zero.
Note that the 1,q component of e*, eq
*1
= −1qe
−q
1
. The
fact that the q=−1 component of e is nonzero for LCP posi-
tive helicity may seem unpalatable: this arises because of
the unhappy combination of complex amplitudes and com-
plex basis vectors, and may lead to further confusion.51
We can verify that the above definitions produce physi-
cally correct results. Consider the matrix element 	f r ·e  i
for an atom absorbing a single photon, within the dipole
approximation.52 We write r for the dipole moment operator,
and e for the polarization vector. The photon propagation
direction defines the +z direction of the quantization axis, as
above. The initial electronic angular momentum J has pro-
jection M on this z axis; the initial state is i= iJiMi, the
final state is f= iJfMf. In the spherical basis
r · e = 

q
− 1qrq
1e
−q
1
. 6
The matrix element becomes
	f r · ei = 

q
− 1q	fJfMfrq1e−q1iJiMi
= − 1Jf−Mf	fJfr1iJi


q
− 1q Jf 1 Ji
− Mf q Mi
e
−q
1
, 7
where we have used the Wigner-Eckart theorem for the last
step.1 The bracketed term ¯¯  is a 3J symbol:
1 for it to be
nonzero the relation −Mf +q+Mi=0 must hold. For the ab-
sorption i , 12 ,−
1
2 → f , 12 , + 12  to occur, we see that q= +1
only. The only nonzero term in the sum over q will involve
e
−1
1
, i.e., LCP as above in Eq. 4. This result is consistent
with the fact that LCP photons have positive helicity +
, as
required for conservation of the projection of angular mo-
mentum along z.
III. PHOTOFRAGMENT ORIENTATION
The laboratory lab frame is chosen to be identical to
that of Siebbeles et al., with  ,k ,k, see Fig. 1 of
Ref. 53. The angles  , are the directions of travel of the
photofragments. The major axis +z of the laboratory frame is
defined relative to the photolysis polarization as follows. For
photolysis using circular polarization CP, the light travels
in the +z direction of the laboratory frame towards z= +.
For photolysis using linear polarization LP, the lab z axis is
parallel to the electric field E of the light. The molecule
frame is defined with the +zmol direction as the direction of
travel of the fragments; within the axial recoil approxima-
194312-2 Andrew J. Alexander J. Chem. Phys. 123, 194312 2005
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tion, the zmol axis is parallel to the internuclear axis. The
distribution of the directions of travel of the photofragments
in the lab frame can be parameterized by , the so-called
beta parameter54
A0
0, =
1
4
1 + P2cos  , 8
where P2cos  is a second Legendre polynomial. Using CP
photolysis,  takes limiting values −1 for a pure parallel
transition, +1/2 for a pure perpendicular transition, and in-
termediate values for some mix of transitions. For LP pho-
tolysis these values are multiplied by −2.
A. Circularly polarized photolysis
For CP photolysis, the lowest k=1 angular momentum
orientation moments can be written,53,55,56
0
1, =
33
42j + 1a1 cos2  + a12 sin2  , 9
1
1, =
33ei
422j + 1
sin  cos − a1 + a12 + i12  , 10
with 
−1
1 ,=−1
1* ,. For LCP light a= +1, and for
RCP light a=−1. Note that the sign of the term in 1 does
not change sign with the helicity of the photolysis radiation.
The above polarization moments are identical to Eqs. 22a
and 22b of Siebbeles et al.53 The polarization moments are
equivalent to the complex orientation parameters see Ap-
pendix A,
A0
1, =
1
4a1 + a01cos2  − a 12
Rea1
1 ,  sin2  , 11
A1
1, = −
ei
8
sin  cos a21 + a01
+ a Rea1
1 ,   + i Ima1
1 ,   , 12
with A
−1
1 ,=−A1
1* ,. In the above equations, we
identify various molecule-frame polarization parameters, in-
cluding the polarization anisotropy parameters 1 ,1 ,1
of Vasyutinskii and co-workers,16,55,56 and the polarization
parameters a0
1 ,Rea1
1 ,  , Ima1
1 ,  of Rak-
itzis et al.57 The notation , , and ,  are used to
distinguish parameters that arise from parallel, perpendicular,
and mixed transitions, respectively. However, the dynamical
factors fkq ,q are those most often obtained in
calculations.58 By examining Eqs. 9–12, we see that 1 is
similar to a0
1, which describes orientation resulting
from perpendicular transitions. Also, 1 is similar to
Rea1
1 , , and 1 is similar to Ima1
1 , : these de-
scribe orientation from coherent excitation of parallel and
perpendicular transitions. Conversion factors between these
molecule-frame polarization parameters have been tabulated
previously.5
As a result of the symmetry of the photolysis polariza-
tion vector, the polarization moments in the lab frame should
be cylindrically azimuthally symmetric around the z axis
for both LP and CP photolysis radiations. The presence of 
in Eqs. 10 and 12 may seem surprising, since we have no
definition for =0 in the laboratory frame. To visualize the
physical distribution of fragment angular momentum in the
lab, it is useful to examine the real polarization parameters
Aq±
k
using the Hertel-Stoll normalization.59 The Hertel-Stoll
definitions give A0+
1
=A0
1
, A1+
1
=−2ReA11, and A1−1=−2ImA11. These real orientation
parameters are proportional to the expectation values of the
cartesian components of the vector J,60 viz.,
A1+
1
=
	Jx
JJ + 1
, A1−
1
=
	Jy
JJ + 1
, A0+
1
=
	Jz
JJ + 1
.
13
For CP photolysis light, we obtain
	Jx = Ca1 + a01 + 12 Rea11 ,  cos 
−
1
2 Ima1
1 ,  sin sin  cos  ,
	Jy = Ca1 + a01 + 12 Rea11 ,  sin 
+
1
2 Ima1
1 ,  cos sin  cos  ,
	Jz = Ca1 + a01cos2 
− a
1
2 Rea1
1 ,  sin2  , 14
where C=JJ+1 /4. We can use these equations to plot a
three-dimensional vector field 	Ji	Jx , 	Jy , 	Jz of the
expectation values along x, y, z. For plotting purposes, the
terms in  , on the right-hand side of Eqs. 14 can be
converted by using the standard conversion from spherical
polar to Cartesian coordinates.1 The transformation from pro-
jections along Cartesian axes to projections in a spherical
polar axis system is particularly revealing
	Jr = aC1 + a0
1cos  ,
	J = aC
1
2 Rea1
1 ,  sin  ,
	J = C
1
2 Ima1
1 ,  sin  cos  . 15
The above equations neatly reveal how the lab frame sym-
metry is related to the molecule-frame parameters aq
1p.
Note that the uncertainty principle holds, so we should not
194312-3 Helicity of oriented photofragments J. Chem. Phys. 123, 194312 2005
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take plots of the vector field 	Ji to be exact representations
of the vector field of J.1,61 The vector plots give a better
physical picture of the angular momentum polarization of the
photofragments, compared with orbital plots: e.g., Fig. 2 of
Siebbeles et al.,53 or Fig. 3 of Torres et al..62
Assuming a pure perpendicular transition, the molecule-
frame parameters Rea1
1 ,  and Ima1
1 ,  are iden-
tically zero. Only the molecule frame a0
10. We plot
the spatial distribution of the vector 	Ji superimposed onto
a plot of the spatial anisotropy direction of travel of the
products, Eq. 8, represented by a limiting value of the pa-
rameter = +1/2, see Fig. 1. We have taken the photolysis
radiation to be LCP, so that a= +1 in Eqs. 14. Figure 1a
shows a0
10 and b shows a0
10. Note that
changing helicity of the photolysis light would simply have
the effect of reversing the direction of the projections, i.e.,
reverse the directions of all the arrows in Fig. 1. It is clear
that the laboratory distribution is cylindrically symmetric
around the z axis i.e., the propagation direction of the CP
photolysis light. Equations 15 reveal that, for this case, the
only nonzero projection of angular momentum is the radial
projection 	Jr, as can be seen in Fig. 1.
Some care should be taken in considering angular mo-
mentum conservation. For LCP photolysis, the photons carry
a projection +
 along the direction of propagation.48 The
helicity of the photolysis radiation must be transferred to the
photofragments. However, this does not necessarily fix the
sign of a0
1 for every photofragment, because the angular
momentum need not be equally shared. In the case of Cl2
photolysis at ca. 310 nm, the orientation parameter
a0
1 of the excited-state Cl*2P1/2 atoms was found to
have a sign opposite to the helicity of the photolysis radia-
tion, and opposite to the ground-state Cl2P3/2 atoms.
18
To view the “shape” of the Rea1
1 , , we assume
that a0
1 and Ima1
1 ,  are both zero. For an equal
mix of parallel and perpendicular transitions excited by CP
photolysis radiation, the spatial anisotropy is represented by
=−1/4. In Fig. 2, we show vector plots superimposed onto
an orbital plot representing the spatial anisotropy. Again, we
have assumed LCP photolysis radiation a= +1, so Figs.
2a and 2b show positive and negative
Rea1
1 , , respectively. Looking at Eqs. 15, we see
that the only nonzero projection for this case is 	J, in agree-
ment with Fig. 2.
In the next section, we discuss the physical description
of Ima1
1 ,  in the context of linearly polarized photoly-
sis.
B. Linearly polarized photolysis
For LP photolysis we write,55,56
1
1, = −
36ei
82j + 1 sin  cos i1 , 16
and
A1
1, = i
ei
4
sin  cos  Ima1
1 ,   , 17
with A
−1
1 ,=−A1
1* ,. Note that for LP photolysis,
A0
1
=0: for dissociation of an isotropic sample of achiral
molecules there can be no overall orientation of J after inte-
gration over all photofragment velocities since the LP light
carries no net helicity. As in Sec. III A we calculate expec-
tation values
	Jx = C2 Ima11 ,  sin  cos  sin  ,
	Jy = − C2 Ima11 ,  sin  cos  cos  , 18
	Jz = 0.
Alternatively, in terms of spherical polar projections,
FIG. 1. Plot illustrating the laboratory distribution resulting from the
molecule-frame orientation parameter a0
1
, shown as arrows. The laboratory
z axis is marked in a, this is the propagation direction of the circularly
polarized photolysis radiation. The arrows represent vectors of expectation
values 	Jx , 	Jy , 	Jz for total angular momentum J. The vector plot is
superposed onto an orbital plot of the spatial anisotropy direction of travel
of the photofragments, Eq. 8, with = +1/2. If the photolysis radiation is
taken as being left circular polarized, then a illustrates a0
10, and b
illustrates a0
10. Alternatively, if we take a0
10, a could result from
photolysis by left-circular polarized light, and b from right-circular polar-
ized light.
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	J = − C2 Ima11 ,  sin  cos  , 19
with 	Jr and 	J both identically zero.
For LP photolysis, an equal mix of parallel and perpen-
dicular transitions would correspond to = +1/2. As above,
we plot the vector distributions 	Ji, by superimposing the
vector field on a plot of the photofragment spatial anisotropy,
see Fig. 3. Now, it can be clearly seen that the projections of
J are distributed with cylindrical symmetry around the LP
photolysis electric field E that defines the z axis, in agree-
ment with Eq. 19. It is also clear that there is no distinction
between the two heads of the double-headed photolysis lin-
ear polarization vector E: we may choose either head to de-
fine the +z axis. The Schoenflies point group of this distri-
bution is seen to be D. To an observer looking from the
center of the distribution along the E vector towards z
= ±, the J are seen to circulate pointing counterclockwise
for a positive Ima1
1 ,  Fig. 3a, and clockwise for a
negative Ima1
1 ,  Fig. 3b.
It can be seen that the integrated distribution of J for a
single photofragment has a net helicity of zero. Previously, it
was suggested that two partner fragments would be oriented
exactly opposite to each other.30 Indeed, it should be clear
that this is not a necessity, and that it is possible for the
fragments to have different Ima1
1 , . For example, it is
possible that a J=2 fragment with a nonzero Ima1
1 , 
is produced along with a cofragment J=0 that has
Ima1
1 , 0.
IV. EXPERIMENTAL DETERMINATION OF HELICITY
To measure the absolute helicity of the photofragment
orientation parameters, one should know the helicity of the
circularly polarized light used to photodissociate the sample.
In the following discussion, we assume that the reader is
FIG. 2. As for Fig. 1, but illustrating the laboratory distribution resulting
from the molecule-frame orientation parameter Rea1
1 , . In this plot
the spatial anisotropy is characterized by =−1/4. For left-circular polar-
ized photolysis radiation, a shows Rea1
1 , 0, and b shows
Rea1
1 , 0.
FIG. 3. This figure is similar to Fig. 1, but illustrates the laboratory distri-
bution resulting from the molecule-frame orientation parameter
Ima1
1 , . The laboratory z axis is marked in a, this lies along the
electric field E of the linearly polarized photolysis radiation. In this plot the
spatial anisotropy is characterized by = +1/2 i.e., an equal mix of  and
. Here a shows Ima1
1 , 0 corresponding to, f11,00 Refs.
53 and 58, and b shows Ima1
1 , 0 corresponds to f11,00.
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familiar with the fundamental principles associated with pro-
ducing circular polarization, available from optics textbooks:
see, e.g., Born and Wolf,46 or Fowles.63
For commercial quarter-wave  /4 retarders, informa-
tion to determine absolute helicity is not always reliable. On
wave plates, some manufacturers mark the fast axis, and oth-
ers mark the slow: indeed, we know of a manufacturer who
has changed their conventions within the last few years. A
multiple-order MO quarter-wave plate QWP is usually
made from a single slab of uniaxial crystal e.g., quartz.
Even if we know where are the fast and slow axes of the
MO-QWP, the output phase of components polarized along
these axes will depend upon the path length through the
wave plate. For ease of manufacture and handling, the thick-
ness is usually many multiples of quarter wave, i.e.,  /4
+2m, where integer m1.
In practice, the zero-order ZO QWP with m=0 is
made with two slabs of uniaxial crystal that have different
thicknesses, aligned so that the slow axis of one lies along
the fast axis of the other. The different thicknesses are chosen
to give exactly one quarter wave of retardation at a given
wavelength. If the nominal slow or fast axis of the com-
bined plate is known, the helicity of circular polarization can
be determined. The ZO-QWP is oriented as shown in Fig. 4.
The light propagates in the direction xy= +z. The thick-
ness of the slabs are d1 and d2. For the uniaxial material, the
refractive indices of fast and slow axes are nf and ns, respec-
tively note, nfns, by definition. The input light is linearly
polarized. We take x and y components and find that after
passing through the wave plate, the phase of the output com-
ponents are
x =
2

nfd1 + nsd2 ,
y =
2

nsd1 + nfd2 .
Thus, if d1d2 then the x axis will be nominally fast, and
xy. The phase difference  is then
 = y − x =
2

ns − nfd1 − d2 . 20
To produce output circularly polarized light, the input light
should be linearly polarized at 45° to both the fast and slow
axes of the QWP. We write the linearly polarized input light
as cf. Eq. 1
Et = x + yA expikrz − t . 21
The output light will be
Et = eixx + eiyyA expikrz − t
= eixx + eiyA expikrz − t , 22
where we have assumed that there are no reflection losses.
Note that the prefactor eix is not important, but that the
relative phase of the x and y components of polarization is.
When = /2, we have
Et = x + iyA expikrz − t . 23
The input polarization x+y has been transformed to output
x+ iy. In a plane at a fixed point z, to an observer looking
into the approaching light, the electric-field vector will be
seen to rotate counterclockwise, as it would for LCP.1,63 If
the direction of the input linear polarization is changed to
x−y, we would obtain output RCP.
Using this general treatment, the ZO-QWP can be setup
to give light of definite helicity as follows. First, locate the
nominal slow or fast axis;64 the double-headed slow s and
fast f axes are perpendicular to each other. We choose one
head of the fast axis to define the vector f, and one head of
the slow to define s. It does not matter which heads are
chosen, so long as we have one from each of f and s. Then,
the ZO-QWP is oriented so the vector product fs=z,
where +z is the same direction as the propagation vector of
the light. Input light linearly polarized along f+s will pro-
duce output LCP, and light linearly polarized along f−s
will produce RCP.
The cheapest and simplest way of determining the helic-
ity of circular polarization is using a single Fresnel rhomb
FR. The phase changes at each reflection in the rhomb can
be calculated from Fresnel’s equations. Use of the single FR
to determine helicity of light was noted in passing by Kum-
mel et al.;60 however, we have been unable to locate a mod-
ern reference where the details have been worked out. Al-
though the method is straightforward, for convenience we
lay out the details here. We follow the notation used by
Fowles,63 identical results are obtained by following Born
and Wolf.46
We place the single Fresnel rhomb in the axis system
shown in Fig. 5 The input light propagates in the +z direc-
tion, and is translated by the two reflections in the +x direc-
tion. We write the electric field exactly as Eq. 21. The input
polarization is linear at 45° so that it will give output circular
polarization. With respect to the reflections, light polarized
along y would be transverse electric TE, i.e., s polarized.
Light polarized along x would be transverse magnetic TM,
i.e., p polarized. The output light can be written
FIG. 4. Schematic figure of a zero-order quarter-wave plate, consisting of
two cylindrical slabs of uniaxial crystal with thicknesses d1 and d2, as
marked. Also marked are the double-headed slow s and fast f axes for
both slabs, and the right-handed Cartesian frame xy= +z. Light is input at
the input side, travelling in the +z direction i.e., towards z= +, and exits
at the output side. See text for discussion.
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Et = rp
2x + rs
2yA expikrz − t , 24
where we have twice applied a reflection matrix: rs and rp
are the reflection amplitudes. We assume no reflection losses,
and ignore the phases obtained by passing through the
rhomb. Each internal reflection causes a phase change in the
light, the reflection amplitudes can be written rs=e−is and
rp=e
−ip, where s and p are the phase changes for s- and
p-polarized lights.63 From Eq. 24 we have
Et = e−2ipx + e−2isyA expikrz − t
= e−2ipx + e2iyA expikrz − t , 25
where =p−s. Again, note that the relative phase of the x
and y polarizations is important. The phase  depends on the
geometry of the rhomb, and can calculated to be
tan2  = cos sin
2  − n2
sin2 
, 26
where  is the angle of incidence for the first reflection Fig.
5 and n=nair /nrhomb is the ratio of refractive indices. The
geometry and material of the FR are chosen so that 
= /4, and e2i= + i. Finally, the output light can be written
Et = x + iyA expikz − t . 27
The input polarization x+y has been transformed to output
x+ iy, i.e., LCP light.1,63 If the direction of the input linear
polarization is changed to x−y, we would obtain output
right-circular polarization.
The FR can be used to calibrate other quarter-wave
plates as follows. If, instead of linearly polarized light, we
input RCP light x− iy into the FR oriented as above, we
would obtain output linearly polarized light x+y. Alterna-
tively, input LCP would produce output x−y. The output
linear polarizations x±y are readily distinguished in the
laboratory frame using a linear polarizer whose polarization
axis is known. By inputing CP light of indeterminate sign
into the FR, we can determine whether the input light is left
or right by measuring which output linear polarization is
obtained.
V. CALCULATION OF SENSITIVITY OF POLARIZED
DETECTION SCHEMES
Contemporary photofragment polarization measure-
ments are normally made by detection schemes using polar-
ized light. There are a number of polarized detection
schemes in use, particularly resonantly enhanced multipho-
ton ionization REMPI and laser-induced fluorescence
LIF, although other schemes such as degenerate four-wave
mixing are possible.65 In general, the signal intensity I can be
written60,66
I = C

k,q
Pq
kJi,Jf ;labAq
k
, 28
where C is a common factor, Ji is the ground-level, the level
Jf is the final resonant state, and lab represents a set of
factors that describe the geometry of the detection scheme,
including the polarization of light used. In this equation, the
frame is defined by the parameters Aq
k
: these may have been
produced by a chemical reaction, or as the result of a photo-
dissociation. The sensitivity moments Pq
kJi ,Jf ;lab can be
calculated for a given experimental detection scheme, and
allow the extraction of the polarization parameters Aq
k from
measured intensities.
To calculate Pq
kJi ,Jf ;lab for the orientation moments
odd k, some care should be taken in describing the circular
or elliptical polarization of the light used. For many detec-
tion schemes, it is convenient to use the contracted polariza-
tion tensor Eq
k to calculate the sensitivity moments,1,60,67
Eq
k
= e  e*q
k
= − 1q2k + 1

m
em
1eq−m
*1 1 1 k
m q − m − q
 . 29
We caution the reader to note that e* eq
k
= −1ke
 e*q
k
: the former is commonly used for absorption, the
latter for emission. In Table I, we have tabulated Eq
k in the
photon frame Sec. II for CP and LP lights.
For polarized two-photon REMPI, it is convenient to use
the much-simplified sensitivity factor of Mo and Suzuki, in
the probe laser photon frame,68
FIG. 5. Schematic figure of the single Fresnel rhomb. See text for detailed
discussion. A perspective view is shown on the left, and a side-on view is
shown on the right. The right-handed Cartesian frame xy= +z is shown.
Light is input at the input face, travelling in the +z direction i.e., towards
z= +, and exits at the output face. The rhomb is oriented so that light is
displaced along the +x direction, and is not displaced along the y direction.
The angle of incidence at the first reflection  is shown. The symbol
dot-in-circle  represents a vector pointing toward the reader, out of the
page; the symbol cross-in-circle  represents a vector pointing away from
the reader, into the page.
TABLE I. Values of the contracted polarization tensor Eq
k in the photon
frame for linearly and circularly polarized lights Ref. 1. Recall that in the
photon frame, the +z direction is the propagation direction of the light for
circular polarization left or right, and z lies along the electric field E for
linear polarization.
Eq
k LP LCP RCP
E0
0
−
1
3
−
1
3
−
1
3
E0
1 0
1
2
−
1
2
E0
2
2
6
−
1
6
−
1
6
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P˜ k = 52k + 12Ji + 1− 1Ji+Jf 2 2 k2s − 2s 0 
Ji Ji k2 2 Jf  . 30
This expression can be used for any valid Ji→Jf transition
using CP light. The bracketed term ¯¯ is a 6J symbol.
1 It
may be that the frame of the parameters Aq
k that we wish to
measure does not coincide with the photon frame, in which
case a transformation should be made cf. Eq. 2 of Ref. 68.
The intensity will then be given by
I = C

k
skA0
kpr = C

k,q
skAq
klabCkq
* , , 31
where Aq
klab are lab frame parameters, and A0
kpr are the
parameters in the corresponding probe photon frame. The
sensitivity factor sk can be obtained by conversion of P˜ k of
Eq. 30 above, according to Eq. 6 of Ref. 36. Ckq
*  , is
a complex conjugate of a modified spherical harmonic,1 and
 , are polar angles in the lab frame that describe the zpr
axis of the probing light. The zpr axis is given by the propa-
gation direction for CP light, or the direction of the E field
for LP light.
For Eq. 30 we determine that s= +1 for LCP and
s=−1 for RCP. The correct signs for s can be verified by
replacing the spherical tensor components eq
1 for LCP and
RCP Eqs. 4 and 5 above into Eq. 4 of Mo and
Suzuki.68 Alternatively, the sign of s can be determined by
analysis of the relevant 3J symbols in their derivation: in Eq.
8 of Ref. 68, we find 3J symbols like
 Ji Jf TMi − Mf 2s  . 32
Here Mi ,Mf are the magnetic sublevels for Ji and Jf. It is
found that T=2 for CP light.68 We choose Ji=3/2, Jf =1/2,
and Mi= +3/2 so that all of the population initially is in the
+3/2 magnetic sublevel i.e., fully oriented. From the 3J
symbol we see the selection rule Mf =Mi+2s; thus,
Mf =−1/2 if s=−1, and Mf = +7/2 if s= +1. There can be no
Mf = +7/2 sublevel for Jf =1/2; thus, s=−1. But what polar-
ization can drive the Mi= +3/2→Mf =−1/2 absorption? The
particle must absorb the projection of −2
 of angular mo-
mentum: so, we determine that s=−1 corresponds to RCP.
This method is probably the safest way to test similar inten-
sity expressions where the sign of helicity is not explicitly
connected to LCP or RCP see, e.g., Refs. 69 and 70.
VI. CONCLUDING REMARKS
In the present paper we have shown how the absolute
helicity positive or negative of oriented photofragments can
be measured. The symmetry of distributions of oriented pho-
tofragments has been visualized using three-dimensional
vector plots of expectation values of the total angular mo-
menta of the fragments. The vector plot neatly illustrates the
symmetry of the laboratory frame distributions of photofrag-
ment angular momenta in terms of the molecule-frame ori-
entation parameters. The description of circular polarization
in the spherical tensor basis has been discussed. Procedures
for the determination of the absolute helicity positive or
negative, left or right of circularly polarized light produced
by quarter-wave plates and a single Fresnel rhomb have been
given, and the use of circular polarization for optical mea-
surement of the orientation of fragments has been discussed.
It is hoped that the present work will help to clarify some of
the confusion that has arisen over what is left and right in
terms of orientation and circular polarization. We hope that
the methods discussed here will facilitate future experimental
measurements of fragment helicity, in photodissociation,
scattering, and reactive systems.
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APPENDIX: CONVERSION FACTORS
The angular momentum polarization moments
q
k , are equivalent to the TKQk ,k of Ref. 53, and
can be converted to the complex polarization parameters
Aq
k , using the following expression:
Aq
k, =
ck	JJkJ
JJ + 1k/22k + 1
q
k, . A1
General expressions for the conversion factors ck, and the
reduced matrix elements 	JJkJ are given by van Vroon-
hoven and Groenenboom.71 Note that the q
k
are not state
multipole moments in the conventional sense,1,4 since they
have been obtained by covariant expansion over state multi-
poles. The polarization moments q
k , used here can be
converted to the state multipole moments ˜q
k , with the
relation q
k ,= −1q˜
−q
k ,.
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